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Abstract

Energy, water, and CO 2 fluxes at the soil—atmosphere interface are of key
interest among ecosystem researchers. The Simultaneous Heat and Water
(SHAW) Model describes radiation energy balance, heat transfer, and
water movement within the soil—plant—atmosphere continuum but has
no plant growth or carbon assimilation modules. This study coupled the
components of solar radiation and water transfer within a plant canopy
in SHAW with a leaf-level biochemical photosynthesis model. The SHAW
model provides leaf water potential to the photosynthesis model to cal-
culate intercellular CO 2 (C) through stomatal control in each layer within
the canopy, and solar radiation, air temperature and humidity to calculate
photosynthetic rate (Pa) within each canopy layer. Stomatal conductance
(g) was calculated by a revised Ball—Berry model, which describes the rela-
tionship between g and P and was a feedback from the photosynthesis
model to SHAW to calculate energy and water transfer and in turn the leaf
water potential. The photosynthesis model was run iteratively with the
SHAW leaf energy balance within each canopy layer to reach convergence
in leaf temperature. After including the relationship between stomatal con-
ductance and photosynthetic rate, computed stomatal conductance in the
extended SHAW (SHAW-Pn) model was able to respond to the variation of
CO2 concentration. Validation of the photosynthesis model showed ade-
quate simulations of responses of photosynthesis, transpiration, stomatal
conductance, and C, at leaf level to changes in light and CO 2 . The SHAW-Pn
performed excellently in simulating net radiation, sensible and latent heat,
and CO 2 fluxes over a winter wheat field in the North China Plain (36°57'N,
11636'E, 28 m above sea level). The root mean square error (RMSE) of the
simulation for net radiation, latent, and sensible heat fluxes was 36.1, 31.0,
and 25.8 W m 2, respectively. The RMSE of CO 2 flux simulation was 0.18 mg
rn s'. SHAW-Pn describes the biophysico—chemical processes and water
and carbon cycles in the ecosystem, which can be a framework of vegeta-
tion response to atmospheric CO 2 changes but needs incorporation of a

detailed plant growth module.
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nergy balance at the soil—plant—atmosphere interface is an essen-

tial component in process-based ecological models (Cowan, 1965;
Jarvis and McNaughton, 1986; Choudhury and Monteith, 1988;

Chen and Coughenour, 1994; Williams et al., 1996; Wang and Leuning, 1998; Lak-
shmi and Wood, 1998; Calvet, 2000; Arora, 2003). The Simultaneous Heat and

Water (SHAW) Model is a detailed energy balance model capable of simulating
soil water, heat transfer, and evapotranspiration within a vertical, one-dimen-

sional profile extending from the vegetation canopy, snow, residue cover, and soil
surface to a specified depth within the soil (Flerchinger and Saxton, 1989; Flerch-
inger and Hanson, 1989; Flerchinger and Pierson, 1991; Flerchinger et al., 1994,

1996a, 1996b, 1998, 2003; Xiao et al., 2006). SHAW has been used for predicting
these processes as well as soil freezing, snow melt, and related land surface pro-
cesses. SHAW simulates water flow through a multispecies plant canopy along

the soil—plant—atmosphere continuum and therefore can be extended to simulate
CO, flux between atmosphere and vegetation after including the component of
CO, assimilation by photosynthesis. This is a key factor in determining primary

productivity, an important element in ecosystem modeling.
Photosynthesis and transpiration are closely related (Chaves, 1991). Simul-

taneous simulations of photosynthesis, stomatal processes, and gas diffusion

processes can lead to better simulation of photosynthesis responses to environ-
ment (Collatz et al., 1991; McMurtrie et al., 1992; Leuning, 1995; Leuning et al.,

1995; Yu and Wang, 1998; Yu et al., 2001; Tuzet et al., 2003). The stornatal model
in SHAW, which is a function of leaf water potential only, will be improved by
incorporating interactions between photosynthesis, transpiration, and stomatal

conductance. The objectives of this paper were to (i) link a photosynthesis model
with the SHAW model to simulate CO, fluxes in addition to water and energy

fluxes and (ii) test the extended model against experimental data under a winter

wheat (Triticun: aesticum L.) cropping system in China. This coupling of SHAW

with the photosynthesis model is referred to as SHAW-Pn.
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Model Descriptions

The SHAW Model

SHAW was originally developed to model soil heat and water transfer at the land
surface by Flerchinger and Saxton (1989) and modified by Flerchinger and Pier-
son (1991) to include transpiring plants and a plant canopy of mixed plant types.

Flerchinger (2000) provides details of the current version of SHAW. A layered sys-
tem is established to compute the heat and water fluxes through the plant canopy,

snow, residue, and soil, and each layer is represented by an individual node. The
plant canopy can be divided into as many as 10 layers. The leaf-area increment of
each layer of wheat canopy was 0.5 m 2 rn 2 in this study. Computed surface energy
balance fluxes include absorbed solar radiation, long-wave radiation exchange,
and turbulent transfer of heat and vapor. Net radiation is determined by com-
puting solar and long-wave radiation exchange between canopy layers, residue
layers, and the soil surface. Sensible and latent heat fluxes of the surface energy

balance are computed from temperature and vapor gradients between the canopy
surface and the atmosphere by means of a bulk aerodynamic approach with sta-
bility corrections. Gradient-driven heat and vapor transfer within the canopy is

determined by computing transfer between layers of the canopy and considering
the source terms for heat and transpiration from the leaves for each layer within

the canopy. The leaf energy balance is computed iteratively with heat and water
vapor transfer equations and transpiration within the canopy. The wind speed

profile within the canopy is assumed to decrease exponentially with leaf area.

Water flow within the plant is calculated assuming continuity in water
potential throughout the plants and is controlled mainly by changes in stomatal
resistance (Fig. 7-1, Eq. [1]).

NS -	 NC	 -	 NC k	 I/
Lij

;j

Here, T,	 total transplrdtioll rite (kg m 7 s') for plant species j within the plant
c1nopy; ç, and ip are water potential (iii) in layer k of the soil, in the plant
\vlern and in the leaves of canopy layer i; T, k , and r,, are the resistance to water
low (m 3 s kg) through the roots of layer k and the leaves of layer i for plant
.pecies j; p, and 1),, 1 are the vapor density (kg m 3) within the stomatal cavities
(assumed to be saturated vapor density) and of the air within the canopy layer;

and r. are the stomatal resistance and leaf boundary layer resistance (s rn')
p(r unit of leaf area index (1,. , ) within canopy layer i for plant species j; and NS
11111 \(
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Initial conditions:
Soil water, temperature and soil and plant parameters

jDriv ing variables:
Solar radiation (Ra). temperature (1), relative humidity (RI-I). wind speed,
precipitation, and CO,

ISa I RI I within layered canopy Water and beat transfer

within la^

[ Init ial leaf temperature

Pnergy balan- 

	

	 Soil water potential
Soil temperatureF	 Root water absorption

I'l (lea f7canopy)	
Yes

I ealuater potential	 k-'t'-+-1	
Output: Sensible heat flux

Latent heat flux
CO . flux

Intercellular CO,	 1*) Stomata] resistance Leattetnpeiature
Soil water content

Photons nthesrs	 'franspiration	 Soil temperature

Fig. 7-1. Feedbacks and calculation scheme in the integrated SHAW and photosynthesis model
(SHAW-Pn). The box isolated by dashed lines represents photosynthesis module.

SHAW adopted a simple equation relating stomatal resistance, r, to leaf

water potential, u 1 (Campbell, 1985), to simulate stomatal conductance:

rs - r50 1- ( i,I !uc )nt	 [2]

where r is stomatal resistance with no water stress (assumed constant), it'. is a

critical leaf water potential at which stomatal resistance is twice its minimum

value, and II is an empirical coefficient.
Sensitivity of model simulations to stomata] resistance parameters was pre-

sented by Flerchinger and Pierson (1997); n has typically been set to 5 while i'

has been used for calibration and to reflect plant characteristics (Flerchinger et al.,

1996a; Flerchinger and Pierson, 1997). Equations relating stomatal resistance to

leaf temperature, vapor pressure deficit, soil moisture deficit, and solar irradiance

have been developed (e.g., Dolman, 1993; Mihailovic and RumI, 1996); however,

estimation of a separate parameter is required for each of these factors. Because
these factors all have an indirect effect on leaf water potential, the above relation

is very effective in estimating stornatal resistance. However, incorporation of a
photosynthesis model will allow the model to be more directly responsive to the

Pr
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above factors. SHAW and this extended SHAW-Pn have no plant growth module.

Therefore, plant height and leaf area index (I.A1) are observational values and
provided as inputs in the simulations.

The Photosynthesis Model
The photosynthesis model can be divided into two parts: (i) the stomatal model,
describing the relation of intercellular CO, concentration (C) with atmospheric

CO, concentration (C), atmospheric vapor pressure deficit (D) and leaf water
potential ('), i.e., C =f(C, D, i); and (ii) the biochemical model describing the
relation between C and photosynthetic rate (P), light intensity (I), and air tem-
perature (1), i.e., P , = f(i, T, Q.

Stomatal Models

Simulating stomata] response to environmental conditions can he quite complex.
Timlin et al. (2008, this book) present an overview of approaches for simulating

stomata! response. Tuzet and Perrier (2008, this book) simulated the effects of
plant water storage capacity on stomata! conductance. Kremer et al. (2008, this
book) computed stomatal conductances and transpiration separately for sun-

lit and shaded leaves. We chose here to express stomata! conductance (g) as a
semi-empirical function of humidity and ambient CO, concentration (C) over leaf
surface, and photosynthetic rate (P) (Ball et al., 1987; Leuning, 1995; Monteith,
1995; Wang and Leuning, 1998; Yu et al., 2004):

gs =iiiC1 F f(Da ID0) + go	 [31

where F is the CO, compensation point, D 0 is a parameter with the same dimen-
sion as vapor pressure deficit (D), and in and g are additional empirical parameters,
which can include water conductance from epidermis. Introducing leaf water poten-
tial () as a function of D /D Y g can be described as follows (Tuzet et al., 2003):

gs 
= CJ CI 	 o	 [41

The function f((' 1 ) is an empirical logistic equation describing the dependence of
stomata] conductance to leaf water potential (Tuzet et al., 2003):

	

l+exp(sv)	
[51I + exp[ s ]( e f -

where i) is a reference leaf water potential and s,is a sensitivity parameter. The

stomatal conductance is depressed at moderate water deficits mostly because of
decrease in leaf water potential (Chaves, 1991).
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Stomata] resistance in the original SHAW (Eq. [21) is responsive only to leaf

water potential, whereas the stomatal conductance model above (Eq. [4]) dem-

onstrates stomatal responses to changes in light, temperature, D, CO,. and soil

water. Therefore, Eq. [41 was adopted in SHAW-Pn to replace Eq. [2].

Biochemical Reaction of Photosynthesis
A biochemical model of photosynthesis for C. plants was adopted according to

Farquhar et al. (1980) and von Caemmerer and Farquhar (1981), in which pho-
tosynthetic rate was expressed as a function of intercellular CO, concentration (C1),
photosynthetic photon flux density (I), and leaf temperature (T). In this model, bio-
chemical processes were described reflecting reactions in chioroplast excluding

stomatal regulation, in which C was taken as an input variable (Co]latz et al., 1991).

From gradient-flux relationship,

Pn = ç(C — Ci)	 [6]

Assuming g0 near 0, intercellular CO. concentration (C) can be obtained by com-

bining Eq. [4] and Eq. [6] (Yu et al., 2002)

C - C, ±(C -	 [71

This equation gives a simple way to calculate C from atmospheric CO2 concentra-

tion (C) and leaf water potential (L').
Plant and soil respiration are components of CO, flux from the system, and

their rates can be represented as a Q 10 function of temperature. Daytime soil res-

piration is relatively low compared with canopy photosynthesis. In the SHAW-Pn
model, plant respiration was related to air temperature, and soil respiration was

expressed as a function of soil temperature at 5 cm beneath the surface. The val-

ues of Q were adopted from Yu et al. (2007).

Coupling of SHAW with the Photosynthesis Model
As with the original SHAW model, the plant canopy within SHAW-Pn was divided

into layers with leaf area increments of 0.5 M2 m 2. The SHAW model components

provide leaf water potential for the stomata] model to calculate intercellular CO.
through stomata] control in each layer within the canopy, and also provide solar

radiation to the biochemical model to calculate photosynthetic rate. CO. concen-
tration is assumed to be homogeneous within the canopy. Stomatal conductance

was a function of P in Eq. [4], which replaced Eq. [21 in the original SHAW model

and provided feedback in SHAW-Pn to calculate heat and water transfer in a leaf

energy balance (Fig. 7-1).
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Photosynthesis influences transpiration and energy balance through its cor-
relation with stomatal conductance. The photosynthesis model was incorporated
with SHAW through calculating stomatal conductance, which was used to solve

leaf water potential and leaf temperature within the leaf energy balance (Fig. 7-1).

Newton—Raphson iterations of the leaf energy balance are assumed to converge
when the difference in leaf temperature for subsequent iterations is lower than a
prescribed tolerance (0.01°C in this study).

Experimental Data
Field experiments were conducted to measure leaf gas exchange and mass and
energy fluxes in a winter wheat cropping system. These data were used to vali-

date the photosynthesis model and the performance of SHAW before and after

coupling with the photosynthesis and stomatal models. The plant growth and
soil water were also measured to provide state variables.

Management and General Measurements

The experiment was conducted at Yucheng Comprehensive Experiment Sta-
tion (36°50' N, 116 034' E, 28 m above sea level) of Chinese Academy of Sciences,
North China Plain in 2003. The soil is silt loam. The site has a temperate mon-
soon climate with rainfall concentrated in summer and rarely occurring through

the wheat growth period during winter and spring; water was supplemented by
flood irrigation with ample N supply. Plants were oriented in north-south rows
with recommended sowing density. Winter wheat variety was Zixuan 1. During

the growing season, the LAI was measured every 5 d by harvesting 10 plants and

measuring leaf area by LI-3100 (LI-COR Inc., Lincoln, NE) within a plot of 1 m 2, in
which plants were counted.

Leaf Gas Exchange Measurement

The infrared CO, analysis system, Ll-COR 6400 (LI-COR Inc.), was used to mea-

sure transpiration, photosynthetic rates, and stomata] conductance of the wheat

leaves. The light and CO  response curve of gas exchange, and stomatal conduc-

tance of flagged leaves were measured in the field from tillering stage to maturity
(29 Mar—June 2003). The instrument (LI-COR 6400) varied the light intensities
from 0 to 2000 imol m 2 s for each measurement, while temperature, humid-
ity, and wind speed over leaf were kept constant. Similarly, CO, concentrations
changed from 0 to 1000 imol met-' in the leaf chamber to get CO, response

separately. The system was calibrated and showed stable performance. Yu et al.
(2002, 2004) usecL this same method for photosynthetic and stomatal response
curve measurements.

I'
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Flux Measurement
Fluxes of CO, and latent and sensible heat over a wheat canopy were measured by
eddy covariance method during the wheat growth period. A three-dimensional
sonic anemometer (Model CSAT3, Campbell Scientific, Inc., Logan, UT) and an

open path infrared gas analyzer (IRGA; Model LI-7500, LI-COR, Inc.) mounted
at a height of 2.80 m measured the three components of the wind velocit y vector,

temperature and the densities of water vapor and CO,. Soil heat flux was mea-
sured with a heat flux sensor (HFPO1, Hukseflux, Netherlands) installed 0.05 in

below soil surface. Data from the site had good energy balance closure during
periods of weak advection (Lee and Yu, 2004; Yu et al., 2007) and were used for

model comparison.

Microclimate
Ambient weather conditions of temperature, relative humidity, wind direction,

wind speed, and soil heat flux were measured with a temperature—humidity
probe (HMP45C, Vaisala, Helsinki, Finland), a potentiometer windvane (Model

W200P, Vector, UK), an anemometer (AIOOR, Vector, UK), and a barometer (CS105,
Vaisala, Finland). The total and net radiation data were collected with a pyra-

nometer (CM1I, Kipp & Zonen, Canada) and a net four-component radiometer
CNR-1, Kipp & Zonen, Delft, Netherlands). The instruments above were located

at a height of 2.80 in from the ground.
Soil temperatures were measured by an array of soil thermocouples (TCAV,

Campbell Scientific, Logan, UT) installed in profiles at the depths of 0.00, 0.10,

0.20, and 0.50 m. Soil water content was measured by eight water content reflecto-
meters (CS616L, Campbell Scientific, Logan, UT) at the depths of 0.00, 0.05, 0.10,

0.15, 0.20, 0.40, 0.60, and 1.0 m from soil surface.

Model Tests and Validation
In this stud y, we first tested the dependence of simulated photosynthesis, transpi-
ration and stomatal conductance on light and CO. levels with field observations.

We then analyzed the sensitivity of leaf water potential and related variables (C,

g, T, evapotranspiration and CO. fluxes) to light intensity and diurnal weather
variation. Finally, net radiation, water, sensible heat, and CO. fluxes over the crop

field were simulated by the coupled SHAW-Pn model.
Soil physical and plant physiological parameters used in the simulations

were adapted from Yu of al. (2007). Plant physiological parameters (e.g., cata-

lytic capacity of Ruhisco, initial photon efficiency, critical leaf water potential,

and initial leaf and root hydraulic resistances) are listed in Table 7-1, which
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Table 7-1. Values of parameters used in the simulation.

JII!r IIE!7IUi1UI
0 1 	 212.0 kJ mol	 Parameter in photosynthesis model (Collatz et al, 1991)

0 2	 703.0 Id mol 1 K	 Parameter in photosynthesis model (Collatz et al, 1991)

—2 MPa	 Critical leaf water potential used in stomatal resistance
model

C0	 100.0 omol mol	 Michael is—Menten constant in photosynthesis model

00

M

R

R0

SI

r1

r

r0

V.

I.,

ii

or 10 Pa

1500 Pa

—1 MPa

8

0.015

8.314 imol 'K 1

0.11 mg M-1 I

0.05

1 x 10 m's kg 2

2 x 10 m's kg -1

100.0 S m

55.0 pmol M-2

0.06 omol M-2

0.95

50 iomol mol'

5 Pa

5

Parameter in stomatal model, Eq. [2] and [3]

Reference leaf water potential in stomatal model

Parameter in stomatal model, Eq. [2] and [3]

Ratio of respiration to maximum catalytic capacity of Rubisco
in Eq.[11] )Collatz et al., 1991)

The universal gas constant )Collatz et al., 1991)

Soil respiration rate at 25'C

Sensitivity parameter of g to

Initial resistance of leaves (this study)

Initial resistance of roots (this study)

Stomatal resistance with no water stress (this study)

Catalytic capacity of Rubisco )Vu et al., 2002)

Initial photon efficiency (Vu et al. (2002) and 2004)

Convexity of light response curve (Vu et al., 2002, 2004)

CO2 compensation point (Vu et al. , 2002, 2004)

Partial pressure of CO 2 at compensation point (this study)

Parameter in stomatal model, Eq. [1]

C	 24 I	 1,11101	 I C	 2	 1 \l 11r i I11CI1I ii II if '	 I IC III Iii	 'l	 '	 11

cteristics and leaf photosynthesis observations. Initial leaf and root hydraulic
resistances and minimum stomatal resistance are from default values of the origi-
nal SHAW model. The CO 2 flux is the sum of assimilation rate and plant and soil
respiration rate over a unit ground area, of which the flux components are nega-

tive downward. The model was first parameterized against nighttime data when
only the respiration component needed to be considered. The model was then
used to simulate CO 2 flux before calibration against daytime measurements. A
separate dataset during the growth period was used, and the parameters were

kept unchanged throughout the vegetative growth, i.e., a portion of the data dur-
ing the growth period was used for calibration and the rest for validation. In the
model comparison, stomatal parameters for the original SHAW model (Eq. [21)
were from Xiao et al. (2006) and that for Eq. [ 41 used in SHAW-Pn were from Yu et

]. (2007); p ri1Ceter vi kie i)r booth eid I ion t r' g iven in I ,ih]e 7-1. The model
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Fig. 7-2. Simulated and measured leaf photosynthesis, transpiration, intercellular CO 2 concentra-
tion, and stomatal conductance in response to change in light intensities (I). I ranged from 0 to
2000 imol m 's -', and parameters in the photosynthesis model were from Vu et al. (2002, 2004)
(Vucheng, 20 Apr. 2003).

were driven by the meteorological variables to simulate fluxes of CO, and latent

and sensible heat.

Responses of Photosynthesis, Transpiration, and Stomatal Conductance
to Light Intensity and Carbon Dioxide Concentration

Physiological parameters were evaluated on the basis of data from intensive mea-
surements collected on 20 Apr. 2003 for varying light intensities and on 24 April

for varying CO2 concentration (Table 7-1). Both varying environments were set by

the measurement system. The model was run to simulate responses of photosyn-

thesis, transpiration, stomatal conductance, and C to light and CO, concentration,

while other factors were kept unchanged in the simulations. The F was obtained,

and P2,,, in, and D 1 were adjusted so that the relation between simulated and

measured P
"

achieved the highest correlation coefficient. A similar method was

used by Yu et al. (2002, 2004).
Figure 7-2 illustrates comparisons of simulated and measured photosyn-

thetic rate, transpiration rate, stomatal conductance, and C for varying light

intensities. The light response curve for photosynthetic rate can be approximated

with a Michaelis—Menten curve. Transpiration rate and stomata! conductance
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Fig. 7-3. Simulated and measured leaf photosynthesis, transpiration, intercellular CO 2 Concentra-
tion, and stomatal conductance in response to changes in CO,. Ambient CO 2 concentration ranged
from 0 to 1400 j.mol mol ' (Yucheng, 24 Apr. 2003).

have similar response to light. The simulated values correspond well with the
measured ones with coefficients of determination (R 2) over 0.96. An increase
in irradiance can cause an increase in photosynthesis, leading to a decrease in
C This causes stomata to open to let in more CO2 and thus compensate for the
decrease in C (Yu and Wang, 1998). Irradiance also alters leaf temperature, which
influences photosynthetic rate, as well as stomata] opening by changing vapor
pressure deficit between stomatal pores and ambient air.

As seen in Fig. 7-2, the model predicts a relatively constant C with increasing
I. Observed C may decrease with increasing I, but the change is not great over a
wide range of! and is evident only when irradiance is weak (Fig. 7-2). Wong et al.
(1985) found that P and g, change in the same proportion, so that C changes very
little over a wide range of I. In most of the species examined, when light intensity
increases, photosynthesis and conductance increase, but C obviously decreases
at low land comes to a fairly constant value when light intensities are above 10%
of full sunlight (Morison and Jarvis, 1983).

Figure 7-3 illustrates comparisons of simulated and measured photosyn-
thetic rate, transpiration rate, stomatal conductance, and C for varying CO,
concentrations. Increase in CO  concentration will induce elevation in intercel-
lular CO2 and an increase in photosynthetic rate (Fig. 7-3). However, stomata)
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conductance decreases with increasing CO 2' thereby reducing transpiration. The

model simulations accord well with these measurements. It shows that the inter-
cept is near zero, so QC,  almost constant, as was found by many researchers,
e.g., Wong et a). (1979, 1985), Sharkey and Raschke (1981), and Morison and Jarvis
(1983) among others.

Sensitivity of Photosynthesis, Transpiration, and Stomatal Conductance
to Diurnal Weather Variation

The performance of SHAW-Pn was demonstrated by sensitivity of water and CO,

fluxes to diurnal change in environmental variables (solar radiation, CO 2, and
temperature). The diurnal variations of solar radiation, air temperature, and rela-
tive humidity drive the change in leaf water potential when soil water is kept
constant. Solar radiation flux density peaked at noon with maximum of 855 W
m 2, and air temperature reached its maximum of 28°C around 1400 h. Other
atmospheric input variables were assumed constant during the day, i.e., wind

speed was 1.5 m s 1 and ambient CO, concentration 350 imol mol- 1 . The assumed
values of these variables are typical in midlatitude summers (Yu et al., 2001). Ini-
tial leaf water potential at 0600 h near sunrise was set equal to the average soil

water potential over the rooting depth (-2 MPa). Simulated leaf water potential in
response to diurnal variations of environmental factors is presented in Fig. 7-4.

Leaf water potential started to decrease after sunrise, decreased sharply with the
increase in solar radiation around noon, and remained near constant for much of

the afternoon. It recovered from its lowest value under water-stressed condition
during high atmospheric demand to reach the value of soil potential during the

night. High solar radiation sustained high leaf temperatures and induced high

water vapor deficit between stomatal cavity and ambient air, which may cause
high transpiration and water loss, inducing stomatal closure as a feedback. There-

fore, leaf water potentials in the upper canopy layers are lower than that in the

Fig. 7-4. Diurnal change in leaf
,,	 water potential in response to20	 -	

varying solar radiation and tern-
.:-°'°-.---, 	 perature. Lines represent leaf

potential of layers within canopy
\	 ..	 .	 I	 with leaf area increments of 0.5 (m'

m 2) with the bottommost line rep-
80	 \	 / I	 resenting the layer being nearest to

-100- - - 	
the top of the canopy.
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Fig. 7-5. Sensitivity analysis of diurnal changes in intercellular CO 2. stomatal conductance, leaf
water potential, leaf temperature, and CO 2 and water vapor fluxes under present CO 2 (350 ILmol
mol') and doubled CO 2 (700 .imol mol ')concentrations.

lower layers. The simulated model sensitivity also demonstrated that maximum
leaf temperature occurred in the afternoon causing the highest D assuming
constant water vapor pressure in air. Lowest leaf water potential roughly cor-
responded to the maximum temperature while solar radiation was still high,

indicating that leaf water potential is greatly influenced by atmospheric evapora-
tive demand under the relatively moist simulated soil water conditions.

The diurnal variations of C, g, leaf water potential, leaf temperature, and

CO. and water vapor fluxes were simulated under two scenarios of present (350

tmol mol') and doubled (700 iimol mol 1 ) ambient CO  concentrations (Fig. 7-5).
The driving variables are the same as that in Fig. 7-4. C1 almost doubled with
doubling of atmospheric CO,. which would decrease stomatal conductance and
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Fig. 7-6. Simulated net radiation, latent and sensible heat and CO 2 fluxes over wheat canopy in
the booting stage. (LAl = 2.3, Yucheng, 10-16 Apr. 2003).

promote photosynthetic tale. Accordingl y, transpiration rate decreased and leaf

water potential increased with decreased stomatal conductance. Thus, leaf tem-
perature slightly increased when latent heat was restrained under doubled CO2

scenario. Although stomata] conductance slightly decreased in the afternoon

(1400 h) because of high temperature and D, a dip in photosynthesis and transpi-
ration is not noticeable because the higher solar radiation and temperature in the

afternoon may increase P, (Fig. 7-5). This compensates for the effects of stoniatal

closure on photosynthesis and transpiration.

Simulation of Energy and Carbon Dioxide Fluxes over Wheat Canopy
The components of energy balance were simulated on several continuous days
in the booting, heading, flowering, and milking stages from March to May when

measured LAI ranged from 2.3 to 4.5.
Figure 7-6 shows hourly measured and simulated components of energy

balance over seven continuous days in the booting stage during 10 to 16 April

when LAI was 2.3. Solar radiation and temperature are relatively low during

this period in the growing season. Net  radiation reached 600 W m 2 at maximum

around noon and sensible and latent heat fluxes were 120 and 200 'N m 2 around
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Fig. 7-7. Simulated net radiation latent and sensible heat and CO 2 fluxes over wheat canopy in
heading stage. (LAI = 3.0, Yucheng, 18-26 Apr. 2003).

noon, respectively. CO. flux reached the lowest value of -0.7 Mg m 2 s '.Simulated
values of net radiation corresponded closely with the measured values, and the
general trends of simulated and observed CO2 fluxes corresponded well. Figure
7-7 illustrates flux simulation in heading growth stage during 18 to 26 April with

measured LAI of 3.0. There were some cloudy days when net radiation and sensible
and latent heat fluxes were low. On clear days, CO. flux reached -1.2 mg rn- 2 s', which
was higher than the previous stage because of increase in solar radiation and air
temperature. The model tracked the field measurements reasonably well, and the

general trend of the simulation during the different periods is very similar to
each other.

Figure 7-8 is an example of model performance during the bearing stage
(27 April -5 May) when measured LAI was 4.0. The trend of simulated water

vapor flux agreed well with observed. The maximum net radiation exceeded 650
W m 2, and the maximum latent heat flux was 450 W m 2 . The maximum sensible
heat flux was only 100 W m 2, which was lower than that in early growth stage.
CO2 flux peaked at about -1.3 mg m 2 s. Simulated values of net radiation corre-
sponded closely with the measured values, the general trends of simulated and
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Fig. 7-8. Simulated net radiation, latent and sensible heat and CO 2 fluxes over wheat canopy in
bearing stage, (LAI = 4.0, Yucheng, 27 Apr.-6 May 2003).

observed CO, fluxes corresponded well, and the general trend of the simulation
during the different periods was very similar to each other.

Because of senescence in the milking stage, the plant canopy consisted of
green transpiring leaves and nontranspiring yellow leaves. For simulation, the

plant canopy was divided into two types: one with green leaf area capable of

photosynthesis and transpiration and the other consisting of shriveled leaves and
stems which intercepted solar radiation but did not assimilate and transpire. The

green leaf area index (GLAI) was estimated to be 2.0 and 1.0 for shriveled leaf

area index during this growth period according to harvested leaf biomass. The

measured heights of green plants and shriveled plants were 0.9 and 07 m, respec-

tively. During crop senescence (17-23 May), maximum net radiation was 600 W

m 2, which was relatively low because of high crop albedo (Fig. 7-9). Latent heat

still reached 300 W m 2 CO, flux was simulated quite well with a minimum value

of -1.0 mg m However, daytime CO, and water vapor fluxes were overesti-

mated if the effect of shriveled plants was not considered.
To sum up the simulation during the four growth stages, the prediction of

net radiation and latent and sensible heat fluxes were fairly close to observed

values with RMSEs (root-mean square error) of 36.1, 31.0, and 25.8 W rn 2 respec-
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Fig. 7-9. Simulated net radiation, latent and sensible heat and CO 2 fluxes over wheat canopy in
milking stage. (GLAI = 2.0 and shriveled LAI = 1.0, Vucheng, 17-23 May 2003).

tively. The RMSE of CO 2 flux (FCO2) simulation for all growth stages was 0.18 mg
m 2 s'. Hourly simulated and measured latent heat fluxes for the entire simulated
period are presented in Fig. 7-10 for both SHAW and SHAW-Pn models.

Discussion and Conclusions
Stomata play a key role in regulating the flow of water from the soil through

the plants to the atmosphere. Stomatal conductance is known to respond to leaf
temperature, vapor pressure deficit, soil moisture, CO 2 and solar irradiance (e.g.,
Dolman, 1993; Mihailovic and RumI, 1996); however, estimation of a separate

value for each of these interrelated influences is difficult. Because these factors
all have an indirect effect on leaf water potential and stomata] opening (Jarvis,

1976), the SHAW model adopted a simple yet effective equation relating stomatal
response to leaf water potential (Campbell, 1985). The effect of meteorological

and soil variables on leaf water potential is expressed within SHAW through

simulation of water flux through the soil—plant—atmosphere continuum. Similar
work on simulating water and heat transfer in a canopy by considering non-
steady-state leaf water potential was reported by Chen and Couglienour (1994)

and Lhomme et al. (2001), among others. The SHAW model using the stomata]
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Fig. 7-10. Measured
and simulated latent
heat fluxes using the
stomatal models (Eq.
[1] and [41) against mea-
sured values (Vucheng,
1OApr.-23 May 2003).

-100	 0	 100	 200	 300	 400	 500

Measured (W m2)

equation in Eq. [2] relating stomatal resistance to leaf water potential may com-

prehensively reflect the influence of solar radiation, temperature, humidit y, and

soil water and can also perform excellently in simulation of heat and water fluxes

(Xiao et a)., 21)06).
The original SHAW model, however, cannot simulate CO 2 flux and the influ-

ence of atmospheric CO2 on stomata I response. Linkage between SHAW and a

photosynthesis model makes it more responsive to environmental influences on
transpiration in addition to extending its function to simulate CO. flux. SHAW-Pn
computes stomatal conductance from photosynthetic rate and CO. concentration.

This makes stomatal conductance respond appropriately to changing CO 2 . But,

when we compared simulation from the two stomatal models (Eq. [2] and [41), no

significant difference was found in the surface energy fluxes between SHAW and

SHAW-l'n (Fig. 7-10, 12 = 0.93 and 0.94 respectively). This means that the original

SHAW model using the simple stomatal conductance model (Eq. [21) can simu-
late water and heat fluxes well in field conditions with no significant change in
atmospheric CO,. Through sensitivity analysis, we demonstrated the ability of

the stomatal model in SHAW-Pn to simulate the responses of photosynthesis and

transpiration to changing CO2. which the original SHAW cannot do.

Leaf water potential is a function of both atmospheric evaporative demand

and soil water availability. Hence, several models have used Eq. [ 3 1 multiplied by

a soil water function, rather than Eq. [4] (e.g., Wang and Leuning, 1998). The appli-

cation of leaf water potential in Eq. [4] is a way to indirectly capture the influence
of solar radiation, temperature, humidity, and soil water on stomatal response,

which neither vapor pressure deficit nor a soil water function can do.
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It was found that SHAW-Pn may tend to overestimate CO. flux on some days
(e.g., Fig. 7-8). This may be attributed to several potential factors. One limitation

is that many nonstomatal responses are not included in the model. For example,
photoinhibition may happen under high light intensity, temperature, or water
stress, causing a decrease in photosynthetic rate (Yu et a]., 2001). Additionally, we
neglected the effect of leaf boundary layer on CO. gas diffusion, which can be sig-

nificant when wind speed is low. This boundary layer resistance can be included
in the leaf scale model, but will increase the calculation in the coupled photosyn-
thesis—transpiration—stomatal conductance model (Yu et al., 2001).

Many physical and physiological processes interact to control stomatal

response. It is one of the basic tasks of physiological ecology to develop a compre-
hensive model and parameterize the processes. There are a series of interactions

among biophysical, biochemical, and physiological processes when a plant is

exposed to a change in environmental factors. Because solar radiation is the
driving force for both photosynthesis and leaf energy balances, it influences

physiological processes through photosynthesis and leaf temperature. Leaf tem-
perature affects photosynthesis in two ways: the first is on the intrinsic speed
of biochemical processes of photosynthesis, the other is on D through its effect
on the intercellular saturated vapor pressure. C/Cs is determined mainly by the
changes in g, caused by changes in D, so the increase in temperature causes a
decrease in C Photosynthetic rate decreases with increasing D ,, because of sto-
matal closure. Around noon on clear days, solar radiation always exceeds the
light saturation point, and therefore its increase does not noticeably promote pho-

tosynthesis. If air temperature reaches or exceeds its optimal value, the increase
in solar radiation and the corresponding increases in leaf temperature and D,

will lead to a decrease in photosynthesis. Sensitivity analysis demonstrated that

the photosynthesis model can be responsive to low leaf water potentials when
soil water is low and atmospheric evaporation demand is high, which may bring

about midday depression of photosynthesis and transpiration because of sto-
matal closure (Yu et al., 2002, 2007). SHAW-Pn did simulate a midday decrease in
stomatal conductance but not sufficient under the simulated conditions to cause

a noticeable change in photosynthesis or transpiration. A midday depression in
transpiration may alleviate leaf water loss (Long et al., 1994; Hirasawa and Hsiao,

1999). These physiological responses may define the diurnal patterns of CO. and
water fluxes.

Under natural conditions, the magnitude of contribution of changes in each

environmental factor to variations in assimilation may vary widely, and some fac-

tors and processes are dominant under a particular circumstance and may have
little effect under others (Leverenz, 1994). For example, solar radiation changes
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from zero to more than photosynthetic saturation point in a day. When water and

temperature stresses are not serious, diurnal variation of photosynthesis is domi-

nated by solar radiation. Therefore, the physiological model of photosynthesis

uses light response curve as the core of the model, whereas the other factors exert
their influence by affecting the values of some parameters in the model (Thornley,

1976). Parameterization of C, Eq. [5], is a key resolution of biochemical photosyn-
thesis mode], which is based on some observational data and slomatal models.

The photosynthesis model based on biochemical processes is widely used,

at levels from leaf, canopy, and up to global scales (e.g., Hatton et a]., 1992; Wirtz,

2000; Yu et al., 2001). There are some small differences in the mathematical descrip-
tion of parameters among such kinds of models. The SHAW-Pn model integrated
the biochemical reaction of photosynthesis with a stomata I conductance model. It
includes the influence of light, temperature, and relative humidity on photosyn-
thesis and in turn on stomatal control and transpiration.

As SHAW does not include a component of crop growth and needs input of
LAI, we simulate fluxes by giving leaf area index in each growth stage. Previous

efforts have incorporated SHAW with Root Zone Water Quality Model (RZWQM),
i.e., the RZ-SHAW mode] (Flerchinger et al., 2000). This SHAW-Pn does not con-
sider simulation of crop growth to avoid error of LAI calculation. However, it

can be incorporated into RZ-SHAW or other models such as RZWQM, which do
have crop growth routines. This coupling will expand those models to include
a biochemical model of photosynthesis. The soil respiration mode] is simple in

SHAW-Pn, and it could he improved by linking it with a detailed nutrient cycling
model such as in RZWQM. Coupling of transpiration and stomata conductance to

plant-water potential similar to the scheme of SHAW-Pn has been reported pre-

viously (e.g., Bohrer et al., 2005; Chuang et at., 2006). However, SHAW is good at

radiation exchange within canopy and energy balance for mixed canopies with

multiple plant species and up to 10 canopy layers, while a big-leaf scheme was

adopted in some other models (Tuzet et at., 2003). SHAW-Pn, therefore, could be

incorporated into hydrological or regional-atmospheric models to provide a mul-
tilayer canopy energy balance as an alternative to the big-leaf approach.

Although the stomata] and photosynthesis model in SlIAW-Pn can respond
to changes in CO.,, temperature, and solar radiation, the photosynthetic capability
and stomatal density of plants may acclimate over time to long-term CO, increase

(Woodward and Bazzaz, 1988). This change can be integrated into the short-term

model response by adjusting model parameters. For example, in in Eq. [4] can
compensate for changes in carboxylation activity of photosystem and sensitivity
of stomatal conductance to environment as plants adjust over time in response
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to CO, increase. Therefore, SHAW-Pn provides a tool to evaluate response of eco-
logical processes in response to climate change.
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